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The two simplest ways of reconciling the weak energy scale
O(1 TeV) and the much higher GUT or reduced Planck mass scale
O(1018 GeV) in a consistent theory are (i) to employ supersym-
metry or (ii) to introduce one or more warped extra dimensions.
In this Letter, we pursue the 5D version of the latter introduced by
Randall and Sundrum (RS) [1], but modiﬁed in that all ﬁelds other
than the Higgs reside in the bulk. Having the gauge and fermion
ﬁelds in the bulk is needed to adequately suppress ﬂavor chang-
ing neutral current (FCNC) operators and operators contributing to
precision electroweak (PEW) corrections [2–9].
In the notation of [10], the background RS metric that solves
Einstein’s equations takes the form
ds2 = e−2m0b0|y|ημν dxμ dxν − b20 dy2 (1)
where y is the coordinate for the 5th dimension with |y|  1/2.
The graviton and radion ﬁelds, hμν(x, y) and φ0(x), are the quan-
tum ﬂuctuations relative to the background metric ημν and b0,
respectively. In particular, φ0(x) is the quantum degree of freedom
associated with ﬂuctuations of the distance between the branes. In
the simplest case, only gravity propagates in the bulk while the SM
is located on the infrared (or TeV) brane at y = 1/2 and the inter-
actions of Kaluza–Klein (KK) gravitons and the radion with the SM
are described by
Lint = − 1
Λ̂W
∑
n =0
hnμνT
μν − φ0
Λφ
Tμμ (2)
where hnμν(x) are the KK modes (with mass mn) of the gravi-
ton ﬁeld hμν(x, y). In the above, Λ̂W 
√
2mPlΩ0, where Ω0 =
* Corresponding author.
E-mail address: gunion@physics.ucdavis.edu (J.F. Gunion).0370-2693/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.04.037e− 12m0b0 , and Λφ =
√
3Λ̂W is the vacuum expectation value of the
radion ﬁeld. Note from Eq. (2) that the radion couples to matter
with coupling strength 1/Λφ . If matter and gauge ﬁelds propagate
in the bulk then the interactions of gravitons and the radion with
the matter and gauge ﬁelds are controlled by the overlap of appro-
priate 5th-dimensional proﬁles and corrections to Eq. (2) appear.
In addition to the radion, the model contains a conventional
Higgs boson, h0. The RS model provides a simple solution to the
hierarchy problem if the Higgs is placed on the TeV brane at
y = 1/2 by virtue of the fact that the 4D electro-weak scale v0
is given in terms of the O(mPl) 5D Higgs vev, v̂ , by: v0 = Ω0 v̂ =
e− 12m0b0 v̂ ∼ 1 TeV for 12m0b0 ∼ 35. As a result, to solve the hierar-
chy problem, Λφ =
√
6mPlΩ0 should not exceed a few TeV [1].
The ratio m0/mPl is a particularly crucial parameter that char-
acterizes the 5-dimensional curvature. As discussed shortly, large
curvature values m0/mPl  0.5 are favored for ﬁtting the LHC Higgs
excesses and by bounds on FCNC and PEW constraints. In early dis-
cussions of the RS model it was argued that R5/M25 < 1 (M5 being
the 5D Planck scale and R5 = 20m20 the size of the 5D curvature) is
needed to suppress higher curvature terms in the 5D action, which
leads to m0/mPl  0.15 being preferred. However [9] argues that
R5/Λ2 (with Λ being the energy scale at which the 5D gravity
theory becomes strongly coupled, estimated by naive dimensional
analysis to be Λ ∼ 2√3πM5) is the appropriate measure, implying
that values as large as m0/mPl <
√
3π3/(5
√
5 ) ∼ 3 are acceptable.
In this regard, the relation between the mass of the 1st KK gravi-
ton excitation (G1), m0/mPl and Λφ ,
mKK1 =
(m0/mPl)x
KK
1√
6
Λφ, (3)
where xKK1 ∼ 3.83 is the 1st zero of the Bessel function J1, will
require large m0/mPl if the lower bound on mKK1 is large and Λφ ∼
1 TeV.
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are conﬁned to the brane. However, this is now regarded as highly
problematical because the higher-dimensional operators in the 5D
effective ﬁeld theory are suppressed only by TeV−1 and then FCNC
processes and PEW observable corrections are predicted to be
much too large. This arrangement also provides no explanation of
the ﬂavor hierarchies. It is therefore now regarded as necessary
[2–9] to allow all the SM ﬁelds (except the Higgs) to propagate
in the extra dimension. The SM particles are then the zero-modes
of the 5D ﬁelds and the proﬁle of a SM fermion in the extra di-
mension can be adjusted using a mass parameter. If 1st and 2nd
generation fermion proﬁles peak near the Planck brane then FCNC
operators and PEW corrections will be suppressed by scales  TeV.
Even with this arrangement it is estimated that the g1, W 1 and
Z1 masses must be larger than about 3 TeV (see the summary
in [9]).
If the gauge bosons and fermions do not propagate in the bulk,
then the strongest limits on Λφ come, via Eq. (3), from the lower
bound placed by the LHC on the ﬁrst graviton KK excitation (see,
for example, [11] and [12] for the ATLAS and CMS limits). How-
ever, when the fermions propagate in the bulk, the couplings of
light fermion pairs to G1 are greatly reduced and these limits
do not apply. When gauge bosons propagate in the bulk, a po-
tentially important experimental limit on the model comes from
lower bounds on the 1st excitation of the gluon, g1. In the model
of [13], in which light fermion proﬁles peak near the Planck brane,
there is a universal component to the light quark coupling qqg1
that is roughly equal to the SM SU(2) gauge coupling g times a
factor of ζ−1, where ζ ∼
√
1
2m0b0 ∼ 5–6. The suppression is due to
the fact that the light quarks are localized near the Planck brane
whereas the KK gluon is localized near the TeV brane. Even with
such suppression, the LHC g1 production rate due to uu¯ and dd¯
collisions is large. Further, whatever the model, the tR t¯R g1 cou-
pling is large since the tR proﬁle peaks near the TeV brane – the
prediction of [13] is gtR t¯R g1 ∼ ζ g . As a result, the dominant decay
of the g1 is to tt¯ . ATLAS and CMS search for tt¯ resonances at high
mass. Using gqq¯g1 ∼ gζ−1, q = u,d, one ﬁnds a lower bound of
mg1  1.5 TeV [14] using an update of the analysis of [13]. (Ref. [15]
gives a weaker bound of mg1 > 0.84 TeV.)
In terms of Λφ , we have the following relations:
m0
mPl
=
√
6
xg1
mg1
Λφ
 m
g
1
Λφ
, and
1
2
m0b0 = − log
(
Λφ√
6mPl
)
(4)
where xg1 = 2.45 is the 1st zero of an appropriate Bessel function.
If the model really solves the hierarchy problem then Λφ  10 TeV
is required. If we adopt the CMS limit of mg1 > 1.5 TeV then
Eq. (4) implies a lower limit on the 5-dimensional curvature of
m0/mPl  0.15. Thus, a signiﬁcant lower bound on mg1 implies that
only relatively large values for m0/mPl are allowed. As discussed
above, m0/mPl values up to ∼ 2–3 are probably consistent with
curvature corrections to the RS scenario being small. Still, tension
between the lower bound on mg1 and keeping acceptably small
m0/mPl could increase to an unacceptable point as the LHC data
set increases. We will discuss the phenomenology that applies if
the value of Λφ for any given (m0/mPl) is tied to the lower bound
of mg1 = 1.5 TeV using Eq. (4). Alterations to the phenomenology
using mg1 = 3 TeV, as perhaps preferred by PEW constraints, will
also be illustrated.
However, there are alternative approaches in which a lower
bound on mg1 from the LHC implies a less tight bound on Λφ .
For example, including brane kinetic terms localized on the visi-
ble brane for gauge ﬁelds and gravity will modify the Kaluza–Klein
spectrum and the couplings of the ﬁelds [16–18]. In particular, therelation between m0/mPl , m
g
1 and Λφ will be modiﬁed in such a
way that a large lower bound on mg1 can still allow Λφ suﬃciently
low that the radion will have phenomenological impact. In this
Letter, we thus also examine a non-minimal model in which no
m0/mPl-dependent tie between m
g
1 and Λφ is assumed, implying
that direct and indirect bounds on mg1 do not exclude the rela-
tively low values of Λφ = 1.5 TeV and 1 TeV for even relatively
low values of m0/mPl .
Since the radion and Higgs ﬁelds have the same quantum num-
bers, it is generically possible to introduce some amount of mixing
between them. When the Higgs is localized on the TeV brane, this
mixing can be introduced through an action operator that can be
written in the form [19]:
Sξ = ξ
∫
d4x
√
gvisR(gvis)Ĥ
† Ĥ, (5)
where R(gvis) is the Ricci scalar for the metric induced on the visi-
ble brane, and Ĥ is the Higgs ﬁeld in the 5D context before rescal-
ing to canonical normalization.1 The physical mass eigenstates, h
and φ, are obtained by diagonalizing and canonically normalizing
the kinetic (and mass) terms in the Higgs-radion Lagrangian. The
diagonalization procedures and results for the h and φ using our
notation can be found in [10] (see also [19,20]).2 One ﬁnds
h0 = dh + cφ, −φ0 = aφ + bh, where d = cos θ − t sin θ,
c = sin θ + t cos θ, a = −cos θ
Z
, b = sin θ
Z
, (6)
with t = 6ξγ /Z , Z2 = 1 + 6ξγ 2(1 − 6ξ) and tan2θ = 12γ ξ Zm2h0/
(m2φ0 − m2h0 [Z2 − 36ξ2γ 2]). Here m2h0 and m2φ0 are the Higgs and
radion masses before mixing. Consistency of the diagonalization
imposes strong restrictions on the possible ξ values as a function
of the ﬁnal eigenstate masses mh and mφ , which restrictions de-
pend strongly on the ratio γ ≡ v0/Λφ (v0 = 246 GeV).
The full Feynman rules after mixing for the h and φ interactions
with gauge bosons and fermions located in the bulk were derived
in [21]. Of particular note are the anomaly terms associated with
the φ0 interactions before mixing. To be precise, we give a few
details of these important couplings and their implications. Let us
begin by deﬁning
gh = (d + γ b), gφ = (c + γ a),
grh = γ b, grφ = γ a. (7)
Relative to the Feynman rules of Fig. 29 of [10], the following mod-
iﬁcations of the gg and γ γ couplings are required when the gauge
bosons propagate in the bulk:
ch,φg = − αs4π v
[
gh,φ
∑
i
F1/2(τi) − 2
(
b3 + 2π
αs
1
2m0b0
)
grh,φ
]
,
ch,φγ = − α2π v
[
gh,φ
∑
i
e2i N
i
c Fi(τi)
−
(
b2 + bY + 2π
α 12m0b0
)
grh,φ
]
. (8)
1 Note however that in the case of a Higgs leaking into the bulk, the 5D Higgs
potential itself will induce some mixing with the radion, which should be added to
that coming from Eq. (5). For simplicity we will restrict ourselves to the case of a
brane localized Higgs.
2 In the current Letter we change the sign of our convention for φ0. We also note
that in [19,20] the coeﬃcients in the h0 decomposition are denoted by a,b and
those in the φ0 decomposition are denoted c,d, i.e. the reverse of our conventions.
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gh,φ . Also gr from [10] is replaced here by grh,φ which incorporates
the bulk propagation effects by the virtue of the second term in
the parentheses above.) Since b3 = 7 and b2 + bY = −11/3, the
new grh,φ corrections can be signiﬁcant.
There are also modiﬁcations to the WW and Z Z couplings of
the h and φ relative to Fig. 29 of [10]. Without bulk propagation,
these couplings were simply given by SM couplings (proportional
to the metric tensor ημν ) times gh or gφ . For the bulk propagation
case, there are additional terms in the interaction Lagrangian that
lead to Feynman rules that have terms not proportional to ημν ,
see [21]. For example, for the W we have (before mixing)
L 	 h0 2m
2
W
v
W †μW
μ − φ0 2m
2
W
Λφ
×
[
W †μW
μ(1− κW ) + W †μνWμν 1
4m2W (
1
2m0b0)
]
(9)
where κV = ( 3m
2
V (
1
2m0b0)
Λ2φ(m0/mPl)
2 ) for V = W , Z . After mixing, this be-
comes, for example for the h interaction
L 	 h2m
2
W
v
[
gWh W
†
μW
μ + grh
1
4m2W (
1
2m0b0)
W †μνW
μν
]
≡ h2m
2
W
v
gWh
[
W †μW
μ + ηWh W †μνWμν
]
(10)
with a similar result for the φ. Here we have deﬁned
gVh,φ ≡ gh,φ − grh,φκV , ηVh,φ ≡
grh,φ
gVh,φ
1
4m2V (
1
2m0b0)
. (11)
Substituting one mW = 12 gv this gives the Feynman rule for the
hWW coupling as
igmW g
W
h
[
ημν
(
1− 2k+ · k−ηWh
)+ 2ηWh k+μk−ν ] (12)
where k+,k− are the momenta of the W+,W− , respectively. The
notations and results for the φ and for V = Z are obtained by cor-
responding modiﬁcations. Now, deﬁning RVh,φ = 2ηVh,φm2V /(1−2k+ ·
k−ηVh,φ) and x
h,φ
V ≡ 4m2V /m2h,φ , one ﬁnds that the matrix-element-
squared for h, φ → V V is proportional to(
gVh,φ
)2(
1− 2k+ · k−ηVh,φ
)2
×
{[
1− xh,φV +
3
4
(
xh,φV
)2]+ RVh,φ
[
−6+ 4
xh,φV
+ 2xh,φV
]
+ (RVh,φ)2
[
4+ 4
(xh,φV )
2
− 8
xh,φV
]}
, (13)
where k+ · k− = (2m2V /xh,φV )(1 − 12 xh,φV ). The SM result would be
obtained by setting gVh,φ = 1 and ηVh,φ = 0.
In the case of fermions propagating in the bulk, both the radion
and the Higgs couplings to SM fermions can be slightly modiﬁed.
The couplings of the radion to the TeV-brane-localized top quark
will receive no corrections with respect to the original setup. How-
ever, for quarks that are localized near the UV brane (including the
right-handed bottom), the modiﬁcations to the radion quark cou-
plings can be of order ∼ 10%–20% [21]. Moreover, these coupling
modiﬁcations are not universal and so will also produce some
amount of ﬂavor violation into the couplings of the radion with
fermions [22]. Observing any of these effects will be challenging at
the LHC and so in general we will neglect them.Even though we neglect bulk effects in Yukawa couplings, it
is worth commenting further on the possible consequences of
fermions propagating in the bulk. As an illustration, we brieﬂy dis-
cuss the case of the unmixed Higgs interacting with fermions that
are allowed to propagate in the bulk. The interaction term between
the brane Higgs and the up-type fermions can be written as
SY =
∫
d4xdy
√
gvisδ(y − yvis)
× (H Q¯ LY1UR + H Q¯ RY2UL + h.c.), (14)
where Y1 and Y2 are 3 × 3 complex matrices in ﬂavor space.
For simplicity, we consider a setup in which the electroweak
gauge symmetry imposed on the model is that of the SM, i.e.
SU(2) × U (1).3 The term δ(y − yvis)H represents an SU(2) Higgs
doublet ﬁeld localized on the visible brane, whereas Q = Q L + Q R
and U = UL + UR are 5D fermion ﬁelds, transforming as dou-
blet and singlet under SU(2) respectively. Note that in general 5D
fermions have vectorlike representations, and in order to obtain
a chiral low energy theory, one must impose vanishing boundary
conditions (Dirichlet boundary conditions) on the ﬁeld components
Q R and UL . Doing so eliminates these components from the low-
est Kaluza–Klein level, ensuring a chiral theory for the zero-mode
fermions (which are therefore understood to be the SM fermions).
The Yukawa operators in Eq. (14) are localized on the visible brane,
and are therefore chiral, i.e. the left and right handed components
of the 5D fermions can be treated differently. Thus, we should
generally consider Y1 = Y2. In [23] it was shown that the oper-
ator proportional to Y2 leads to the appearance of ﬂavor-violating
couplings as well as potentially large corrections to the diagonal
Higgs Yukawa couplings of the effective theory. These Y2-operators
can also potentially modify the radiative coupling of the Higgs to
photons and, especially, to gluons [24,25]. The parametric depen-
dence of these two effects (the corrections to the Higgs-fermion
couplings and the correction to the Higgs-gluon coupling) is the
same and goes as Y1Y
†
2
v2
M2K K
, where MKK is the mass scale of
the KK fermions and v is the Higgs vev. Perturbativity requires
|Y1|, |Y2|O(3) [26,27]. As the size of these 5D Yukawa couplings
is reduced, so are the corrections induced. In fact, to successfully
generate the SM fermion masses only the Y1 operator is needed,
i.e. Y2 terms are not necessary. Thus, if we take |Y2|  |Y1| so as
to avoid Y2-induced ﬂavor violating couplings then large Y1 values
are possible with no corrections to the Higgs couplings. Indeed, if
|Y1| is as large as possible and |Y2| is small, this will reduce FCNC
effects coming from the KK gluon excitations [26,27] as well as
those from Yukawa Higgs couplings. In what follows, we adopt this
limit and neglect the Y2-induced corrections to Higgs couplings.4
Finally, we note that corrections to the h0γ γ couplings from KK W
excitations were shown in [25] to be  5% and will be neglected
in our study.
With all this in mind, our goal here in this Letter is to illustrate
the complexity of the phenomenology of the Higgs-radion system
in the context of LHC data. We will show in particular that an ap-
proximate ﬁt to the most prominent “excesses” in the Higgs search
data can be explained in the context of the model. Earlier papers
on this topic include [28,29] (see also [30]) and [31].
3 In order to reduce tensions from PEW constraints one could consider extend-
ing the gauge symmetry group in order to add some built-in custodial symmetry
protection (see e.g. [8]).
4 The corrections (either enhancement or suppression) to Yukawa couplings and
Higgs production cross sections arising if fully general situations are considered, i.e.
by employing moderate to large entries in both matrices Y1 and Y2, can be of order
tens of percent [23,25].
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Three scenarios for LHC excesses in the γ γ and 4 ﬁnal states.
125 GeV (ATLAS) or 124 GeV (CMS) 120 GeV 137 GeV
ATLAS R(γ γ ) ∼ 2.0+0.8−0.8, R(4) ∼ 1.5+1.5−1.0 no excesses no excesses
CMSA R(γ γ ) ∼ 1.7+0.8−0.7, R(4) ∼ 0.5+1.1−0.7 R(4l) = 2.0+1.5−1.0, R(γ γ ) < 0.5 no excesses
CMSB R(γ γ ) ∼ 1.7+0.8−0.7, R(4) ∼ 0.5+1.1−0.7 no excesses R(γ γ ) = 1.5+0.8−0.8, R(4) < 0.22. LHC excesses
The Large Hadron Collider (LHC) data from the ATLAS [32] and
CMS [33] collaborations suggests the possibility of a fairly Standard
Model (SM) like Higgs boson with mass of order 123–128 GeV. In
particular, promising hints appear of a narrow excess over back-
ground in the γ γ and Z Z → 4 ﬁnal states with strong supporting
evidence from the WW → νν mode. The ATLAS results suggest
that the γ γ and 4 rates may be signiﬁcantly enhanced with re-
spect to the SM expectation at a mass near 125 GeV. The CMS
γ γ rate is maximal for Mγ γ ∼ 124 GeV and also appears to be
somewhat enhanced with respect to the SM expectation. At this
mass the CMS signals in other channels, including νν and 4
are roughly consistent with the expectation for a SM Higgs. In ad-
dition, CMS data shows excesses in the 4 rate near 120 GeV (at
which mass they do not see a γ γ excess) and in the γ γ rates
near 137 GeV (at which mass there is no 4 excess), but neither is
conﬁrmed in the ATLAS data.
One important point regards the W+W− → νν ﬁnal state.
The signal for a scalar state of any given mass will be spread out
into many bins of a variable such as the transverse mass, mT , as
a result of the missing energy carried by the neutrinos. Thus, if
there are two scalar states that have equal production cross sec-
tion times WW branching ratio both may contribute but their
contribution will depend upon the analysis cuts applied. This con-
trasts with the Z Z → 4 channel (the only Z Z channel analyzed
for scalar masses below 200 GeV) and the γ γ channel both of
which have excellent mass resolution so that excesses should ap-
pear centered on the scalar state masses. For this reason, we focus
on these latter channels.
In the context of the Higgs-radion model, positive signals can
only arise for two masses. If more than two excesses were to ul-
timately emerge, then a more complicated Higgs sector will be
required than the single h0 case we study here. Certainly, one
can consider including extra Higgs singlets or doublets. For the
moment, we presume that there are at most two excesses. In
this case, it is suﬃcient to pursue the single Higgs plus radion
model.
We will consider three cases, labelled as ATLAS, CMSA and
CMSB. We quantify the excesses in terms of the best ﬁt value for
R(X) ≡ σ(X)/σSM(X) for a given ﬁnal state X . Errors quoted for
the excesses are those for ±1σ . The mass locations and excesses
in the γ γ and 4 channels in these three cases, tabulated in Ta-
ble 1, are taken from Figs. 8a and 8b of [32] in the ATLAS case
and from the appropriate windows of Fig. 14 of [33] in the case of
CMSA and CMSB: To an excellent approximation, only the gg ini-
tial state is relevant for inclusive h and φ production followed by
decay to γ γ or Z Z → 4 and so we will be comparing the ra-
tios
Rh(X) ≡ Γh(gg)BR(h → X)
ΓhSM (gg)BR(hSM → X)
,
Rφ(X) ≡ Γφ(gg)BR(φ → X)
ΓhSM (gg)BR(hSM → X)
, (15)
where numerator and denominator are computed for the same
mass, to the ATLAS, CMSA and CMSB R(X) values quoted above.We also note that CMS gives results for W , Z + bb relative to
W , Z + hSM with hSM → bb in the SM at 120 GeV and 124 GeV
of 1+1.4−1.4 and 0.5
+1.3
−1.5, respectively. No measurement for the bb ﬁ-
nal state is quoted for 137 GeV. Finally, CMS has recently given
results at 125 GeV for the γ γ ﬁnal state in which the WW
fusion induced rate is separated from the gg fusion induced
rate [34]. They ﬁnd a ratio relative to the SM prediction for
WW → hSM → γ γ of RWW (γ γ ) = 3.7+2.1−1.8 at 125 GeV. Remov-
ing this WW fusion component from the inclusive γ γ ﬁnal
state gives a gg fusion ratio of Rgg(γ γ ) = 1.62 ± 0.69. Were
the RWW (γ γ ) and Rgg(γ γ ) enhancements to both persist with
increased statistics, it will be a huge challenge to the Higgs-
radion approach (as we shall discuss) as well as to other mod-
els.
We note that the error bars on the SM multipliers for the AT-
LAS, CMSA and CMSB scenarios are large and we regard it as likely
that the central values will surely change with more integrated
luminosity at the LHC. Increased integrated luminosity will hope-
fully increase the agreement between the ATLAS and CMS excesses,
but could also worsen the consistency, or perhaps even lead to the
disappearance of the excesses. Thus, the comparisons below should
only be taken as illustrative of the possibilities. (Note that our plots
are always done with either mh or mφ equal to 125 GeV as appro-
priate for the ATLAS excess. However, there is no change in the
plots if we use 124 GeV, as more precisely appropriate to the cen-
tral value of the CMSA and CMSB excesses.)
As discussed above, it is appropriate to consider two different
kinds of models: a basic model in which a strong lower bound
on the mass of the ﬁrst excited gluon implies a signiﬁcant lower
bound on Λφ as a function of m0/mPl and a model with non-
minimal extensions such that a ﬁxed (low) value of Λφ can be
considered for the full range of m0/mPl even if there is a signif-
icant lower bound on mg1 . We consider these two alternatives in
turn.
2.1. Lower bound on mg1
In this section, we consider a model along the lines of [13] in
which FCNC and PEW constraints are satisﬁed by virtue of the
fermionic proﬁles being peaked fairly close to the Planck brane
leading to fairly deﬁnitive couplings of the fermions to the excited
gauge bosons. As described earlier, a lower bound of mg1 ∼ 1.5 TeV
can be obtained from LHC data while FCNC and PEW constraints
suggest a still higher bound of ∼ 3 TeV. We will show some re-
sults for both choices as we step through various possible mass
locations for the Higgs and radion that are motivated by the LHC
excesses in the γ γ and/or 4 channels. In what follows, each
plot will be labelled by the value of m0/mPl chosen and the
corresponding mPlΩ0 value as calculated for the ﬁxed m
g
1 using
Eq. (4).
2.1.1. Signal at only 125 GeV
In Fig. 1 we illustrate some possibilities for mh = 125 GeV and
mφ = 120 GeV taking mg1 = 1.5 TeV. First, we note that to get an
enhanced γ γ rate at 125 GeV, it is necessary to have m0/mPl  0.4
and ξ < 0. In order to have small Rφ(γ γ ) and Rφ(4) at 120 GeV
74 B. Grzadkowski et al. / Physics Letters B 712 (2012) 70–80Fig. 1. For mh = 125 GeV and mφ = 120 GeV, we plot Rh(X) and Rφ(X) for X = γ γ and X = Z Z (equivalent to X = 4) as a function of ξ , assuming mg1 = 1.5 TeV. Also
shown are the similarly deﬁned ratios for Z + h production with h → bb and Z + φ production with φ → bb. (For interpretation of the references to color, the reader is
referred to the web version of this Letter.)while at the same time Rh(γ γ ) 1.5 at 125 GeV, for consistency
with the ATLAS scenario, then m0/mPl = 0.4 and ξ ∼ −0.09 are
good choices. The somewhat larger associated value of Rh(4)
is still consistent within errors with the ATLAS observation at
125 GeV. We note that for the reversed assignments of mh =
120 GeV and mφ = 125 GeV, we cannot ﬁnd parameter choices
that yield a decent description of the ATLAS 125 GeV excesses with
Rh(γ γ ) and Rh(4) being suﬃciently suppressed at 120 GeV.
2.1.2. Signals at 125 GeV and 120 GeV
Fig. 1 also exempliﬁes the fact that with mg1 = 1.5 TeV the
Higgs-radion model is unable to describe the CMSA scenario. In the
regions of ξ for which appropriate signals are present at 125 GeV
from the h, then at 120 GeV the 4 and γ γ rates are either
both suppressed or Rφ(γ γ ) > Rφ(4). This phenomenon persists
at higher m0/mPl values as well as higher m
g
1 .
2.1.3. Signals at 125 GeV and 137 GeV
Let us next consider the CMSB scenario, i.e. neglecting the 4
excess at 120 GeV in the CMS data. Taking mh = 125 GeV and
mφ = 137 GeV with mg1 = 1.5 TeV, Fig. 2 shows that the choices
m0/mPl = 0.5 and ξ = 0.12 give Rh(γ γ ) ∼ 1.3 and Rh(4) ∼ 1.5
at 125 GeV and Rφ(γ γ ) ∼ 1.3 at 137 GeV, fairly consistent with
the CMSB observations. However, Rφ(4) ∼ 0.5 at 137 GeV is a bit
too large. Also shown in the ﬁgure are the rates for Z ,W + h
with h → bb and Z ,W + φ with φ → bb relative to their SM
counterparts. For the above m0/mPl = 0.5, ξ = 0.12 choices, the
Z ,W + h(→ bb) rate at 125 GeV is only slightly below the SM
value, whereas the Z ,W + φ(→ bb) rate is about 10% of the
SM level predicted at 137 GeV. The former is consistent with the
poorly measured bb rate at 124 GeV while conﬁrmation of the lat-
ter would require much more integrated luminosity.
We note that it is not possible to get enhanced γ γ and 4,
h signals at 125 GeV without having visible 137 GeV, φ signals,i.e. the ATLAS scenario of no observable excesses other than those
at 125 GeV cannot be realized for mφ = 137 GeV. In addition, we
note that for the mh = 125 GeV and mφ = 137 GeV mass assign-
ment and mg1 = 1.5 TeV, it is not possible to obtain RWW (γ γ )
signiﬁcantly above 1. More typically it is slightly below 1.
For this case, it is also interesting to consider results for mh =
125 GeV and mφ = 137 GeV for the higher value of mg1 = 3 TeV.
Results for this choice are plotted in Fig. 3. We observe that
Rh(γ γ ) and Rh(4) are both  1 (or less) except for m0/mPl = 0.7
and large ξ for which Rφ(γ γ )  1. Thus, a reasonable description
of the CMSB scenario requires relatively small mg1 .
Next, one can also consider the reversed mass assignments
of mh = 137 GeV and mφ = 125 GeV. One ﬁnds that there is no
choice of m0/mPl at m
g
1 = 1.5 TeV for which the CMSB enhance-
ments are approximately described. For ξ choices for which there
is an enhanced γ γ signal at 137 GeV, the 4 signal is even more
enhanced. One can ﬁnd ξ and m0/mPl values such that the γ γ and
4 signals are suppressed at 137 GeV (i.e. we seek a description of
the ATLAS case) but for such choices there is no γ γ enhancement
at 125 GeV. As above, for m1g = 3 TeV signiﬁcant enhancements are
not possible.
2.1.4. Signals at 125 GeV and high mass
A general question is whether one could explain the ATLAS
125 GeV excesses as being due to the h or φ with the other
being at high mass. As shown in Fig. 4, if mh = 125 GeV and
mφ ∼ 500 GeV, at m0/mPl = 1.1 one ﬁnds Rh(γ γ ) ∼ 1.18 and
Rh(4) ∼ 1.45 for ξ ∼ 0.79. As usual, the 4 signal is more en-
hanced (relative to the SM) than the γ γ signal, but the above
numbers are still consistent with the CMS 125 GeV ratios within
errors. For these same choices, the mφ = 500 GeV signal in the 4
ﬁnal state would be of order that is expected for a SM Higgs at this
same mass. CMS results in the 4 channel show a broad deﬁcit in
this same mass region that is inconsistent with the Higgs-radion
B. Grzadkowski et al. / Physics Letters B 712 (2012) 70–80 75Fig. 2. For mh = 125 GeV and mφ = 137 GeV, we plot Rh(X) and Rφ(X) for X = γ γ and X = Z Z (equivalent to X = 4) as a function of ξ , assuming mg1 = 1.5 TeV. Also
shown are the similarly deﬁned ratios for Z + h production with h → bb and Z + φ production with φ → bb. (For interpretation of the references to color, the reader is
referred to the web version of this Letter.)
Fig. 3. For mh = 125 GeV and mφ = 137 GeV, we plot Rh(X) and Rφ(X) for X = γ γ and X = Z Z (equivalent to X = 4) as a function of ξ , assuming mg1 = 3 TeV. Also shown
are the similarly deﬁned ratios for Z + h production with h → bb and Z + φ production with φ → bb. (For interpretation of the references to color, the reader is referred to
the web version of this Letter.)prediction at the 2σ level. For the above parameter choices, the
γ γ signal at mφ = 500 GeV would be of order 8 times that for a
SM Higgs at the same mass.Of course, it could happen that the CMS signals at 125 GeV
drop to SM-level after more data is accumulated. SM-like signals
are obtained for mh = 125 GeV and mφ = 500 GeV at moderate ξ
76 B. Grzadkowski et al. / Physics Letters B 712 (2012) 70–80Fig. 4. For mh = 125 GeV and mφ = 500 GeV, we plot Rh(X) and Rφ(X) for X = γ γ and X = Z Z (equivalent to X = 4) as a function of ξ , assuming mg1 = 1.5 TeV. Also
shown are the similarly deﬁned ratios for Z + h production with h → bb and Z + φ production with φ → bb. (For interpretation of the references to color, the reader is
referred to the web version of this Letter.)values. In this same parameter region, the heavy φ has a 4 rate
that is suppressed relative to the SM, while the γ γ rate is most
typically highly enhanced, for example by a factor of ∼ 5000 if
ξ ∼ 0.1 and m0/mPl = 1.1. If the γ γ rate is this large then the
diphoton events at large invariant masses are likely to be observ-
able [35].
Finally, we note that if |ξ | is not modest in size when mφ
is large, the φV V (V = W , Z ) couplings become of SM strength
or larger, thus adding more pressure on the general setup com-
ing from precision electroweak constraints. For more discussion
see [36].
If the mass assignments are reversed, mh = 500 GeV and mφ =
125 GeV, then the 4 and/or γ γ signals at 125 GeV are sup-
pressed relative to the SM. In addition, this case is under ten-
sion from precision electroweak constraints since for all ξ the h
alone has hV V couplings that are at least SM-like. Much larger
Λφ would be needed to have a hope of achieving PEW consis-
tency from the Higgs-radion system [36]. In addition, the h → 4
signal at high mass would be at least as large as predicted for a
high-mass SM-like Higgs and therefore quite observable if mh 
500 GeV, as seemingly inconsistent with ATLAS and CMS data. If
mh ∼ 1 TeV, then the 4 signal would be beyond current LHC reach
but PEW inconsistency would be much worse.
2.2. Fixed Λφ
In this section, we consider relaxing the tight relationship be-
tween mg1 and Λφ , which can occur in non-minimal scenarios
as explained in the introduction. The relaxation of this relation-
ship opens up additional phenomenological possibilities as a result
of the fact that one is then free to consider rather low values
of Λφ independent of m0/mPl – we will study Λφ = 1 TeV and
Λφ = 1.5 TeV, for which the Higgs-radion model can yield LHC
rates in the γ γ and 4 channels that exceed those that are pre-
dicted for a SM Higgs. We note that when the gauge bosons prop-agate in the bulk, the phenomenology does not depend on Λφ
alone – at ﬁxed Λφ explicit plots not given here show that there is
strong dependence on m0/mPl when m0/mPl is small. However, for
large m0/mPl  0.5 the phenomenology is determined almost en-
tirely by Λφ , but is still not the same as found in the case where
all ﬁelds are on the TeV brane. Once again, we step through the
various possible mass locations for the Higgs and radion that are
motivated by the LHC excesses in the γ γ and/or 4 channels.
2.2.1. Signal only at 125 GeV
As shown in Fig. 5, the choice of Λφ = 1 TeV with mφ =
125 GeV and mh = 120 GeV gives a reasonable description of the
ATLAS excesses at 125 GeV with no visible signals at 120 GeV
in either the γ γ or 4 channels when one chooses m0/mPl = 1
and ξ = −0.016. In contrast, for Λφ = 1.5 TeV the 125 GeV pre-
dicted excesses are below 1 × SM and thus would not provide a
good description of the ATLAS data. As exempliﬁed in Fig. 6, for
the reversed assignments of mh = 125 GeV and mφ = 120 GeV any
choice of parameters that gives a good description of the 125 GeV
signals always yields a highly observable 120 GeV signal.
2.2.2. Signals at 125 GeV and 120 GeV
We can also consider Fig. 6 to see if there is a choice of ξ for
which consistency with the CMSA scenario is achieved. We ob-
serve that if ξ is at its maximum value and m0/mPl = 1.1 then
the γ γ and 4 signals at mh = 125 GeV are still within −1σ
of the CMS data while at mφ = 120 GeV one ﬁnds Rφ(4) ∼ 2.5
while Rφ(γ γ ) ∼ 0.3, which values are roughly consistent with the
CMSA situation. For the reversed assignments of mh = 120 GeV
and mφ = 125 GeV, Fig. 5 illustrates the fact that a satisfactory de-
scription of the two CMSA excesses is not possible – for ξ such that
appropriate 125 GeV excesses are present, Rh(γ γ ) and Rh(4) at
120 GeV are always small so that the 4 excess at 120 GeV is not
explained.
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Fig. 6. For mh = 125 GeV and mφ = 120 GeV, we plot Rh(X) and Rφ(X) for X = γ γ and X = Z Z (equivalent to X = 4) as a function of ξ taking Λφ ﬁxed at 1 TeV. (For
interpretation of the references to color, the reader is referred to the web version of this Letter.)2.2.3. Signals at 125 GeV and 137 GeV
Let us now consider the CMSB scenario. For Λφ = 1 TeV, one
ﬁnds mh = 125 GeV and mφ = 137 GeV with the choices m0/mPl =
0.6 and ξ = −0.05 give Rh(γ γ ) ∼ 2 and Rh(4) ∼ 1 at 125 GeV,
while Rφ(γ γ ) ∼ 2 and Rφ(4) ∼ 0.4 at 137 GeV, an ok description
of the CMSB excesses. An equally rough description of this samesituation is also possible for Λφ = 1 TeV with m0/mPl = 0.8 and
ξ = 0.05.
For Λφ = 1.5 TeV a somewhat better simultaneous description
of these excesses is possible. Fig. 7 shows some results for mh =
125 GeV and mφ = 137 GeV. For m0/mPl = 0.25 and ξ ∼ −0.1
one ﬁnds Rh(γ γ ) ∼ 2 and Rh(4) ∼ 1.5 at mh = 125 GeV, while
78 B. Grzadkowski et al. / Physics Letters B 712 (2012) 70–80Fig. 7. For mh = 125 GeV and mφ = 137 GeV, we plot Rh(X) and Rφ(X) for X = γ γ and X = Z Z (equivalent to X = 4) as a function of ξ taking Λφ ﬁxed at 1.5 TeV. (For
interpretation of the references to color, the reader is referred to the web version of this Letter.)Rφ(γ γ ) ∼ 2 and Rφ(4)  1 at mφ = 137 GeV, in pretty good
agreement with the CMSB scenario.
If we reverse the conﬁguration to mh = 137 GeV and mφ =
125 GeV, only Λφ = 1 TeV with m0/mPl = 0.8 and ξ ∼ 0.05 comes
close to describing the two excess; one ﬁnds that the mφ =
125 GeV, γ γ and 4 signals and the mh = 137 GeV, γ γ signal
are all at the level of ∼ 1.4 × SM. However, the mh = 137 GeV,
4 signal is at the level of ∼ 0.6 × SM which is 4σ away from
the CMS central value at this mass. For these mass assignments
and the higher Λφ = 1.5 TeV value, m0/mPl and ξ choices that
approximately describe the CMS excesses cannot be found – the
mφ = 125 GeV signals are never simultaneously suﬃciently large
to ﬁt the observed signals.
2.2.4. Signals at 125 GeV and higher mass
We choose not to show any speciﬁc plots for this situation. For
Λφ = 1 TeV or 1.5 TeV, it is possible to choose one of either the
h or φ to have a mass of 125 GeV and ﬁnd m0/mPl and ξ values
that result in a decent description of the 125 GeV ATLAS excesses.
When the φ is heavy, the scenario can be viable but the φ might
be hard to discover due to suppressed couplings to ZZ. When the
h is heavy there would be tensions coming PEW constraints and,
if the higher mass is chosen below 500 GeV, a highly observable
4 signal that would be inconsistent with ATLAS and CMS obser-
vations in that region of mass.
2.2.5. SM Higgs at 125 GeV and Signal at 137 GeV
It is still quite conceivable that, after accumulating more data,
the excesses at ∼ 125 GeV will converge to those appropriate for
a SM Higgs boson. Such a situation would correspond to taking
ξ = 0 in the Higgs-radion model. In this case, one can ask whether
or not there could be a radion at some nearby mass and what its
experimental signature would be. To exemplify, let us suppose that
the signal at 137 GeV of the CMSB scenario survives. In Fig. 8 we
plot Rφ(X) for X = γ γ and X = 4 as a function of Λφ for a se-lection of m0/mPl values, taking ξ = 0. Also shown are ratios to the
SM for Z → Zφ with φ → bb and for WW → φ → X for X = γ γ ,
Z Z and bb. One observes that a nice description of the R(γ γ ) ∼ 2
excess at 137 GeV is possible, for example, for m0/mPl = 0.3 at
Λφ ∼ 2.8 TeV with the 4 signal (and all other signals) being very
suppressed. As also apparent, other choices of the m0/mPl and Λφ
will also yield Rφ(γ γ ) ∼ 2 with varying levels of 4 and other
signals. (However, to suppress Rφ(4) below 0.2 while achieving
Rφ(γ γ ) ∼ 2 requires m0/mPl  0.3.) We also note that for ξ = 0
the Z ,W + φ(→ bb) rates are greatly suppressed relative to their
SM counterparts
Plots for the case of a SM Higgs at 125 GeV and mφ = 120 GeV
look very similar and, in particular, it is not possible to ﬁnd param-
eters for which the 4 signal substantially exceeds the γ γ signal
– the reverse always applies, as one anticipates from the enhanced
anomalous γ γ coupling of the (unmixed) φ.
3. Summary and conclusions
The Randall–Sundrum model solution to the hierarchy problem
yields interesting phenomenology for the Higgs-radion sector, es-
pecially when Higgs-radion mixing is allowed for, and can be made
consistent with FCNC and PEW constraints if fermions and gauge
bosons propagate in the 5th dimension. At the moment, there are
interesting hints at the LHC of narrow excesses above SM back-
grounds in the γ γ and Z Z → 4 channels, as well as a broad
excess in the WW → νν channel. ATLAS sees excesses in the
γ γ and 4 channels at a mass of ∼ 125 GeV of order 2× SM and
1.5× SM respectively. CMS sees a γ γ excess of order 1.5× SM at
∼ 124 GeV and constrains the 4 channel at this mass to be less
than ∼ 1.5× SM. Additional excesses at 120 GeV (in the 4 chan-
nel) and at 137 GeV (in the γ γ channel) are present in the CMS
data.
In this Letter, we explored a wide range of possibilities within
the Randall–Sundrum model context. In a ﬁrst set of plots, we as-
B. Grzadkowski et al. / Physics Letters B 712 (2012) 70–80 79Fig. 8. For mφ = 137 GeV, we plot Rφ(X) for X = γ γ and X = Z Z (equivalent to X = 4) as functions of Λφ taking ξ = 0. We also plot ratios to the SM for Z → Zφ with
φ → bb and for WW → φ → X for X = γ γ , Z Z and bb. (For interpretation of the references to color, the reader is referred to the web version of this Letter.)sumed the standard relation between Λφ (the radion ﬁeld vacuum
expectation value), the curvature ratio m0/mPl and m
g
1 (the mass
of the 1st excited gluon state) that applies in the class of scenar-
ios in which the 5th dimension proﬁles for light fermions need to
be peaked near the Planck brane in order to avoid corrections to
FCNC and PEW constraints that are too large. We considered lower
bounds on the latter of mg1 > 1.5 TeV or 3 TeV, as estimated us-
ing LHC data. Our second set of plots are done holding Λφ ﬁxed
at either 1 TeV or 1.5 TeV, using the fact that the lower bounds
(as a function of m0/mPl) on Λφ resulting from a lower bound on
the mass of the g1 can be loosened in non-minimal extensions of
the setup. Our studies are done assuming that the Yukawa cou-
pling of the brane Higgs to the 5D fermionic ﬁelds proportional to
H Q¯ RY2UL + h.c. is small. Such a choice is consistent with FCNC
and PEW constraints. In this case, the unmixed h0 couplings, in
particular to gg and γ γ , are not modiﬁed with respect to those
of a SM Higgs boson. In this way, we sample an interesting range
of phenomenological possibilities. For fully general Y2, corrections
to the h0 couplings due to 5D effects can be large and can either
suppress or enhance the gg and γ γ couplings by tens of percent.
Even without this freedom, the mixed Higgs-radion phenomenol-
ogy is quite diverse as we have shown.
Since the single Higgs plus radion model can describe at most
two Higgs-like excesses, we considered three scenarios labelled
as: ATLAS, with γ γ and 4 excesses at 125 GeV larger than SM
and no other signiﬁcant excesses; CMSA, with γ γ and 4 ex-
cesses at 124 GeV above SM level and a 4 excess at 120 GeV;
and, CMSB, with γ γ and 4 excesses at 124 GeV above those pre-
dicted for a SM Higgs boson of this same mass along with a γ γ
excess at 137 GeV that is also larger than would have been pre-
dicted for mhSM = 137 GeV. In both the ﬁxed mg1 = 1.5 TeV and the
ﬁxed Λφ = 1 TeV model possibilities, the signal levels of the AT-
LAS and CMSB scenarios could be nicely described, whereas the
enhancements relative to the SM were too small for mg1 = 3 TeV
and Λφ = 1.5 TeV, respectively. A satisfactory description of theCMSA scenario was also found in the case of ﬁxed Λφ = 1 TeV,
but not in the case where ﬁxed mg1 = 1.5 TeV was used to deter-
mine Λφ as a function of m0/mPl . In general, successful ﬁtting of
the ATLAS and CMSB excesses required a modest value for the ra-
dion vacuum expectation value, mostly Λφ  1 TeV, and typically
m0/mPl  0.5, a range that the most recent discussion suggests is
still consistent with higher curvature corrections to the RS scenario
being small.
We also considered expectations for the radion signal in the
case where the Higgs signal was assumed to ultimately converge
to precisely that for a SM Higgs of mass 125 GeV. This situation
would arise if there is no Higgs-radion mixing. We found that in-
teresting excesses at the radion mass would be present for low
enough Λφ , namely Λφ  3 TeV, but would always be character-
ized by a γ γ signal that substantially exceeds the 4 signal (as
appropriate for the CMS γ γ excess at 137 GeV but in deﬁnite con-
tradiction with the CMS 4 excess at 120 GeV). Finally, we noted
that a larger-than-SM signal in WW → h or φ → γ γ , as possibly
seen by CMS at 125 GeV, cannot be achieved (at least in the model
employed here where the unmixed h0 couplings are SM-like).
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